Abstract: We present the design, fabrication and in-vivo testing of a new micromachined probe for skin cancer detection based on oblique incidence reflectometry (OIR). The device miniaturization and fabrication precision provided by micromachining ensure reliable and repeatable high performance of the probe. The developed probe has been tested in a pre-clinical condition. An overall sensitivity of 10000 and specificity of 9300 haven been achieved in the classification of malignant and benign skin lesions.
Skin cancer is the most common form of cancer and melanoma is the most serious and fatal type of skin cancer. According to the American Cancer Society, there are more than 62,000 new cases of melanoma and 1,000,000 cases of nonmelanoma skin cancer with 8,000 deaths in the U.S. each year [1, 2] . For most skin cancers, early diagnosis is the key for a successful treatment. i~Oblique incidence reflectometry (OIR) is a novel non-invasive optical detection method, which can be utilized to classify skin tumors based on their optical diffuse reflectance [3] . Previous studies have shown that OIR is capable of effectively differentiate carcinoma skin cancer lesion and E precancerous dysplastic nevus from benign ones [4] . To conduct OIR measurement, a special optical fiber probe has to be constructed and used to capture the optical diffuse reflectance spectra of the targeted skin lesion. The optical sensor probe consists of source fibers (for light incidence) and collection fibers (for reflected light from skin lesion). Both the source fibers and collection fibers need to be precisely aligned to each other, which can be achieved with a mechanical positioning device (Fig. 1) The design of the OIR probe is shown in Fig. 1 (Fig. 2a) . The thickness of the SU-8 layer is 100 pm. After assembling both source and collection fibers into the SU-8 guiding structures, all the positioning chips are stacked and glued together with epoxy ( Fig. 2b and 2c ). Among the three source fibers, one is used for normal incidence and the other two for oblique incidence. Two positioning devices are assembled face to face to accommodate the source fibers of 200 ptm in diameter. Finally, the assembled probe is mounted into an aluminum probe holder to facilitate the testing (Fig. 2d) . The testing set-up of the OIR is shown in Fig 3. A halogen lamp is used as the light source. The optical multiplexer allows the light delivery through only one source fiber at a time to the area of interest. Once delivered to the skin, the incident light interacts with the medium (skin lesion), whose diffuse reflectance is then collected by the collection fibers. The collection fibers are coupled with the imaging spectrograph that generates an optical spectrum for each fiber. The CCD camera collects the spectral-images from the wavelength range from 455 to 765 nm. The spectral images represent the steady-state diffuse reflectance spectra from each collection fiber, which are stored in a personal computer for further analysis. Before the OIR measurement, the entire set-up was first calibrated using a liquid reference solution, consisting of trypan blue dyes as the absorbers and polystyrene microspheres as the scatterers [3, 5] . Fig. 4 shows the expected and the estimated optical spectral properties (absorption coefficient (Ha) and reduced scattering ) coefficient (ts') of the reference solution. The expected properties were calculated based on the diffusion theory of diffuse reflectance [6] and an equation previously developed for obliqueincidence reflectometry [7] . The estimated properties were obtained using diffusion theory and scaleable Monte-Carlo to match the measured steady state diffuse reflectance for each wavelength [3, 8] . The calibration of the system is deemed to be complete when the difference between the expected and estimated values of [ta and ts' is small enough (e.g. <2% in Fig. 4 ). 
IN-VIVO TESTING
The developed probe was used to collect the steady-state spatially resolved diffuse reflectance from human skin. Fig. 5 shows a spectral-image from healthy human skin. The absorption spectra (HLa) and scattering spectra (ps') were then estimated, which are shown in Fig. 6 . For the pre-clinical testing of the developed OIR probe, the diffuse reflectance spectra were collected from 111 pigmented skin lesion including 15 histopathologically diagnosed as malignant melanoma or severe dysplastic nevus. Each spectral image from a lesion was normalized by a spectral image collected form the surrounding healthy tissue. This is based on the assumption that the melanin content of healthy skin tissue will correlate with that of the imaged lesion.
A software program was developed for skin cancer classification based on the collected normalized spatially resolved diffuse reflectance spectra [4] . The absorption spectra (gta) and scattering spectra (ts') were also estimated, which will be used to study their correlation with the physical/physiological properties of the skin lesions in the future. Among the 111 test data, the first 67 were used for the training of the classification program to differentiate malignant melanoma and severe dysplastic nevus from lJ SlU~~~~~~~~~~~~~~~~~ moderate and mild dysplastic nevus, common nevus, actinic and seborrheic keratoses. The remaining 44 data were then used for testing.
As shown in Table 1 and 2, the classification program successfully distinguishes malignant from benign lesions with an overall accuracy of 93% and 98% for the training and testing sets, respectively. The sensitivity is 100% for both training and testing sets with a specificity of 91% and 97%, respectively. Sensitivity indicates the fraction of correctly identified positive cases over all positive (malignant) cases. Specificity indicates the fraction of correctly identified negative cases over all negative (benign) cases. 
CONCLUSIONS
A new micromachined OIR sensor probe has been developed for non-invasive detection of skin cancers. Micromachining plays a significant role in the probe development by enabling device miniaturization, low-cost fabrication and precision assembly, which cannot be matched by conventional machining techniques. By further reducing the probe size and adding new functionality, OIR could be readily expanded to the diagnosis of more treacherous epithelial cancers inside human bodies. The preliminary results indicate that the approach presented can potentially be used for computer-assisted early detection technique of skin cancer.
